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PROCESS OF PRODUCING FERTILE 
TRANSGENIC ZEA MAYS PLANTS AND 
PROGENY COMPRISING A GENE 
ENCODING PHOSPHINOTHBRICIN ACETYL 
TRANSFERASE 


This is a division of application Ser. No. 07/565,844 filed 
Aug. 9, 1990, which was a continuation-in-part of Ser. No. 
07/513,298, filed Apr. 17, 1990, now abandoned. 


BACKGROUND OF THE INVENTION 


1: Held of the Invention 


The present invention relates to reproducible systems for 
genetically transforming monocotyledonous plants such as 
maize, to methods of selecting stable genetic transformants 
from suspensions of transformed cells, and to methods of 
producing fertile plants from the transformed cells. Exem- 
plary transformation methods include the use of micro- 
projectile bombardment to introduce nucleic acids into cells, 
and selectable and/or screenable marker systems, for 
example, genes which confer resistance (e.g., antibiotic, 

. herbicide, etc.), or which contain an otherwise phenotypi- 
cally observable trait. In other aspects, the invention relates 
to the production of stably transformed and fertile monocot 
plants, gametes and offspring from the transgenic plants. 


2. Description of the Related Art 


Ever since the human species emerged from the hunting- 
gathering phase of its existence, and entered an agricultural 
phase, a major goal of human ingenuity and invention has 
been to improve crop yield and to alter and improve the 
characteristics of plants. In particular, man has sought to 
alter the characteristics of plants to make them more tasty 
and/or nutritious, to produce increased crop yield or render 
plants more adaptable to specific environments. 

. Up until recent times, crop and plant improvements 
depended on selective breeding of plants with desirable 
characteristics. Initial breeding success was probably acci- 
dental, resulting from observation of a plant with desirable 
characteristics, and use of that plant to propagate the next 
generation. However, because such plants had within them 
heterogenous genetic complements, it was unlikely that 
progeny identical to the-parent(s) with the desirable traits 
would emerge. Nonetheless, advances in controlled breed- 
ing have resulted from both increasing knowledge of the 
mechanisms operative in hereditary transmission, and by 
empirical observations of results of making various parental 
plant crosses. 

Recent advances in molecular biology have dramatically 
expanded man’s ability to manipulate the germplasm of 
animals and plants. Genes controlling specific phenotypes, 
for example specific polypeptides that lend antibiotic or 
herbicide resistance, have been located within certain ger- 
mplasm and isolated from it. Even more important has been 
the ability to take the genes which have been isolated from 
one organism and to introduce them into another organism. 
This transformation may be accomplished even where the 
recipient organism is from a different phylum, genus or 
species from that which donated the gene (heterologous 
transformation). 

Attempts have been made to genetically engineer desired 
traits into plant genomes by introduction of exogenous genes 
using genetic engineering techniques. These techniques 
have been successfully applied in some plant systems, 
principally in dicotyledonous species. The uptake of new 
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DNA by recipient plant cells has been accomplished by 
various means, including Agrobacterium infection (32), 
polyethylene glycol (PEG)-mediated DNA uptake (25), 
electroporation of protoplasts (17) and microprojectile bom- 
bardment (23). Unfortunately, the introduction of exogenous 
DNA into monocotyledonous species and subsequent regen- 
eration of transformed plants has proven much more difficult 
than transformation and regeneration in dicotyledonous 
plants. Moreover, reports of methods for the transformation 
of monocotyledons such as maize, and subsequent produc- 
tion of fertile maize plants, have not been forthcoming. 
Consequently, success has not been achieved in this area and 
commercial implementation of transformation by produc- 
tion of fertile transgenic plants has not been achieved. This 
failure has been particularly unfortunate in the case of 
maize, where there is a particularly great need for methods 
for improving genetic characteristics. 

Problems in the development of genetically transformed 
monocotyledonous species have arisen in a variety of gen- 
eral areas. For exammple, there is generally a lack of methods 
which allow one to introduce nucleic acids into cells and yet 
permit efficient cell culture and eventual regeneration of 
fertile plants. Only limited successes have been noted. In 
rice, for example, DNA transfer has only recently been | 
reported using protoplast electroporation and subsequent 
regeneration of transgenic plants (41). Furthermore, in 
maize, transformation using protoplast electroporation has 
also been reported (see, e.g., 17). 

However, recovery of stably transformed plants has not 
been reproducible. A particularly serious failure is that the 
few transgenic plants produced in the case of maize have not 
been fertile (38). While regeneration of fertile corn plants 
from protoplasts has been reported (37, 39), these reported 
methods have been limited to the use of non-transformed 
protoplasts. Moreover, regeneration of plants from proto- 
plasts is a technique which carries its own set of significant 
drawbacks. Even with vigorous attempts to achieve fertile, 
transformed maize plants, reports of success in this regard 
have not been forthcoming. 

A transformation technique that circumvents the need to 
use protoplasts is microprojectile bombardment. Although 
transient expression of a reporter geme was detected in 
bombarded tobacco pollen (47), stable transformation by 
microprojectile bombardment of pollen has not been 
reported for any plant species. Bombardment of soybean 
apical meristems with DNA-coated gold particles resulted in 
chimeric plants containing transgenic sectors. Progeny con- 
taining the introduced gene were obtained at a low fre- 
quency (27). Bombardment of shoot meristems of immature 
maize embryos resulted in sectors of tissue expressing a 
visible marker, anthocyanin, the synthesis of which was 
triggered by the introduction of a regulatory gene (46). An 
analysis of cell lineage patterns in maize (28) suggests that 
germline transformation of maize by such an approach may 
be difficult. 

Asecond major problem in achieving successful monocot 
transformation has resulted from the lack of efficient marker 
gene systems which have been employed to identify stably 
transformed cells. Marker gene systems are those which 
allow the selection of, and/or screening for, expression 
products of DNA. For use as assays for transformed cells, 
the selectable or screenable products should be those from 
genetic constructs introduced into the recipient cells. Hence, 
such marker genes can be used to identify stable transfor- 
mants. 

Of the more commonly used marker gene systems are 
gene systems which confer resistance to aminoglycosides 
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such as kanamycin. While kanamycin resistance has been 
used successfully in both rice (51) and corn protoplast 
systems (38), it remains a very difficult selective agent to use 
in monocots due to high endogenous resistance (19). Many 
monocot species, maize, in particular, possess high endog- 
enous levels of resistance to aminoglycosides. Conse- 
quently, this class of compounds cannot be used reproduc- 
ibly to distinguish transformed from non-transformed tissue. 
New methods for reproducible selection of or screening for 
transformed plant cells are therefore needed. 


Accordingly, it is clear that improved methods . and/or 
approaches to the genetic transformation of monocotyledon- 
ous species would represent a great advance in the art. 
Furthermore, it would be of particular significance to pro- 
vide novel approaches to monocot transformation, such as 
transformation of maize cells, which would allow for the 
‘production of stably transformed, fertile com plants and 
progeny into which desired exogenous genes have been 


introduced. Furthermore, the identification of marker gene _ 


systems applicable to monocot systems such as maize would 
provide a useful means for applying such techniques gen- 
erally. Thus, the development of these and other techniques 
for the preparation of stable genetically transformed mono- 
cots such as maize could potentially revolutionize 
approaches to monocot breeding. 


SUMMARY OF THE INVENTION 


The present invention addresses one or more of the. 


foregoing or other shortcomings in the prior art by providing 
_ methods and compositions for the preparation of stably 

transformed, monocotyledonous cells and subsequent regen- 
eration of fertile, transgenic plants and progeny, particularly 
maize. 

It is therefore a particular object of the present invention 
to provide techniques that will allow one to prepare trans- 
genic, fertile monocots such as maize which are preferably 
diploid and which have been stably transformed through the 
introduction of a desired gene into its genome. 

The present invention thus relates generally to methods 
for the production of transgenic plants. As used herein, the 
term transgenic plants is intended to refer to plants that have 
incorporated exogenous genes or DNA sequences, including 
but not limited to genes or DNA sequences which are 
_ perhaps not normally present, genes not normally tran- 
scribed and translated (“expressed”) in a given cell type, or 
any other genes of DNA sequences which one desires to 
introduce into the non-transformed plant, such as genes 
which may normally be present in the non-transformed plant 
but which one desires to have altered expression. 

Exemplary genes which may be introduced include, for 
example, DNA sequences or genes from another species, or 
even genes or sequences which originate with or are present 
in the same species, but are incorporated into recipient cells 
by genetic engineering methods rather than classical repro- 
duction or breeding techniques. However, the term exog- 
enous, is also intended to refer to genes which are not 
. hormally present in the cell being transformed, or perhaps 
simply not present in the form, structure, etc., as found in the 
transforming DNA segment or gene, or genes which -are 
normally present yet which one desires, e.g., to have over- 
expressed, Thus, the term “exogenous” gene or DNA is 
intended to refer to any gene or DNA segment that is 
introduced into a recipient cell, regardless of whether a 
similar gene may already be present in such a cell. 


An initial step in the production of fertile transgenic 
plants is the obtaining of a DNA composition, e.g., vectors, 
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plasmids, linear DNA fragments, and the like, a component 
of which is to be delivered to recipient monocotyledonous 
cells. DNA segments for use in transforming such ceils will, 
of course, generally comprise the gene or genes which one 
desires to introduce into the cells. These genes can further 
include structures such as promoters, enhancers, polylinkers, 
or even regulatory genes as desired. 


The construction of vectors which may be employed in 
practicing the present invention is generally within the skill 
of the art. (See generally, refs 79, 80). Preferred constructs 
will generally include a plant promoter such as the CaMV 
358 promoter (68), or others such as CaMV 19S (69), nos 
(70), Adh (71), sucrose synthase (72), those associated with 
the R gene complex (96), or even tissue.specific promoters 
such as root cell promoters (73) and tissue specific enhanc- 
ers (74). Constructs will also include the gene of interest 
along with a 3' end such as that from Tr? or nos (75), or the 


_ like. Regulatory elements such as Adh intron 1 (76), sucrose 
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synthase intron (77) or TMV omega element (78), may . 
further be included where desired. 

Certain elements may find utility when incorporated into 
genomes, even without an associated expressible gene. For 
example, transposons such as Ac, Ds or Mu are elements 
which can insert themselves into genes and cause unstable 
mutations. This instability apparently results from subse- 
quent excision of the element from the mutant locus during 
plant or seed development. For a review covering the use of 
transposon elements, see references 56 and 57. These ele- 
ments, particularly Ac, may be introduced in order to 
inactivate (or activate) and thereby “tag” a particular trait. 
Once tagged, the gene with this trait may be cloned, e.g., 
using the transposon sequence as a PCR primer together 
with PCR gene cloning techniques (58,59). Once identified, 
the entire gene(s) for the particular trait, including control or 
regulatory regions where desired, may be isolated, cloned 
and manipulated as desired prior to reintroduction. - 

Another possible element which may be introduced is a 
matrix attachment region element (MAR), such as the 
chicken lysozyme A element (61), which can be positioned 
around an expressible gene of interest to effect an increase 
in overall expression of the gene and diminish position 
dependant effects upon incorporation into the plant genome 
(61, 62). | 

The generation and use of recipient cells is believed to be 
an important aspect of the invention. As used herein, the 
term “recipient cell” is intended to refer to monocot cells 
that are receptive to transformation and subsequent regen- 
eration into stably transformed, fertile monocot plants. The 
inventors thus propose that not all cells present in a popu- 
lation of cells subjected to transforming events will be 
“recipient” to successful transformation and regeneration. 
However, it is proposed that through the application of the 
techniques disclosed herein, one will be enabled to obtain 
populations which contain sufficient numbers of recipient 
cells to allow for successful stable transformation and regen- 
eration. 

Certain techniques are disclosed which may enrich for 
recipient cells. For example, it is believed that Type II callus 
development, followed by manual selection and-culture of 
friable, embryogenic tissue, results in an enrichment of 
recipient cells. Suspension culturing, particularly using the 
media disclosed in Table I herein, may also improve the ratio 
of recipient to non-recipient cells in any given population. In 
fact, it is proposed that media such as MS which has a high 
ammonia/nitrate ratio is counterproductive to the generation 
of recipient cells in that it promotes loss of morphogenic 
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capacity. N6 media on the other hand has a somewhat lower 
ammomia/nitrate ratio, and contains micronutrients such a 
molybdenum and manganese, and may promote the genera- 
tion of recipient cells by maintaining cells in a proembryonic 
state capable of sustained divisions. 

Manual selection of recipient cells, e.g., by selecting 
embryogenic cells from the surface of a Type II callus, is one 
means employed by the inventors in an attempt to enrich for 
recipient cells prior to culturing (whether cultured on solid 
media or in suspension). The preferred cells maybe those 
located at the surface of a cell cluster, and may further be 
identifiable by their lack of differentiation, their size and 
dense cytoplasm. It is proposed that the preferred cells will 
generally be those cells which are less differentiated, or not 
yet committed to differentiation. Thus, one may wish to 
identify and select those cells which are cytoplasmically 
dense, evacuolated with a high nucleus to cytoplasm ratio 
(e.g., determined by cytological observations), small size 
(e.g., 10-20 ym), and capable of sustained divisions and 
proembryo formation. 


It is proposed that other possible means of identifying 
such cells might be through the use of dyes such as Evan's 
blue which is excluded by cells with relatively non-perme- 
able membranes (embryogenic cells tend to have relatively 
non-permeable membranes). In contrast, Evan’s blue tends 
to be taken up by relatively differentiated cells such as rooty 
cells and snake cells (so-called due to their snake-like 
appearance). 

Other possible means of identifying recipient cells include 
the use of isozyme markers of embryogenic cells, such as 
glutamate dehydrogenase, which can be detected by 
cytochemical stains (81). However, it is believed that the use 
of isozyme markers such as glutamate dehydrogenase may 
jead to some degree of false positives from non-embryo- 
genic cells such as rooty cells which nonetheless have a 
relatively high metabolic activity. 

Additionally, the inventors propose that cryopreservation 
may effect the development of, or perhaps select for, recipi- 
ent cells. If such a selection occurs upon cryopreservation, 
it may be due to a selection against highly vacuolated, 
non-embryogenic celis, which are perhaps somewhat selec- 
tively killed during cryopreservation. 

The frequency of occurrence of cells receiving DNA is 
believed to be low. Moreover, it is most likely that not all 
recipient cells receiving DNA segments will result in a 
transformed cell wherein the DNA is stably integrated into 
the plant genome and/or expressed. Some may show only 
initial and transient gene expression. However, itis proposed 
. that certain cells from virtually any monocot species may be 
stably transformed through the application of the techniques 
disclosed herein. | 

The most preferred monocot will be the cereals such as 
maize. With respect to maize, the inventors propose that 
many of the techniques of the invention will be applicable to 
maize varieties in general, whether inbred, elite inbred or 
hybrid varieties. It should be pointed out, though, that not all 
cell lines developed out of a particular variety or cross will 
necessarily show the same degree of stable transformability. 
For example, the present invention is exemplified through 
the use of Al88XB73 cell lines developed by standard 
techniques out of an A188XB73 cross. The lines identified as 
S$C716 and SC82 are examples of cells lines which were 
developed from an A188XB73 cross as described hereinbe- 
low. However, 2 number of other cell lines developed from 
the same cross have not as yet proven to be stably trans- 
formable. Thus, stable transformability may not be imme- 
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diately apparent with some lines even from the same cross. 
(2 out of about 12 A188XB73 lines have proved to be stably 
transformable and yield fertile transgenic plants; about 16% 
of the lines). Thus, where one desires to prepare transfor- 
mants to a particular cross or variety, it will generally be 
desirable to develop several cell lines from the particular 
cross or variety (e.g., 8 to 10), and subject all of the lines so 
developed to the transformation protocols hereof. 

In order to improve the ability to identify transformants, 
one may desire to employ a selectable or screenable marker 
gene as, or in addition to, the expressible gene of interest. 
Marker genes code for phenotypes that allow cells which 
express the marker gene to be distinguished from cells that 
do not have the marker. Such genes may encode either a 
selectable or screenable marker, depending on whether the 
marker confers a trait which one can select for by chemical 
means, i.e., through the use of a selective agent (e.g., an 
herbicide, antibiotic, or the like), or whether it is simply a 
trait that one can identify through observation or testing 
(e.g., the R-locus trait), Of course, many examples of 
suitable marker genes are known to the art and can be 
employed in the practice of the invention. 

Possible selectable markers for use in connection with the 
present invention include but are not limited to a neo gene 


(82) which codes for kanamycin resistance and can be 


selected for using kanamycin, G418, etc.; a bar gene which 
codes for bialaphos resistance; a mutant EPSP synthase gene 
(67) which encodes glyphosate resistance; a nitrilase gene 
which confers resistance to bromoxynil (83); a mutant 
acetolactate synthase gene (ALS) which confers imidazoli- 
none or sulphonylurea resistance (60); or a methotrexate 
resistant DHFR gene (95). Where a mutant EPSP synthase 
gene is employed, additional benefit may be realized 
through the incorporation of a suitable chloroplast transit 
peptide (CTP; see ref. 94). 

Exemplary screenable markers include a B-glucuronidase 
or uidA gene (GUS) which encodes an enzyme for which 
various chromogenic substrates are known; an R-locus gene, 
which encodes a product that regulates the production of 
anthocyanin pigments (red color) in plant tissues (59); a 
B-lactamase gene (98), a gene which encodes an enzyme for 
which various chromogenic substrates are known (e.g., 
PADAC, a chromogenic cephalosporin); a luciferase pene 
(84); a xylE gene (54) which encodes a catechol dioxyge- 
nase that can convert chromogenic catechols; an a-amylase 
gene (85); a tyrosinase gene (55) which encodes an enzyme 
capable of oxidizing tyrosine to DOPA and dopaquinone 
which in turn condenses to melanin; an o-galactosidase, 
which will turn a chromogenic a-galactose substrate. 

Included within the terms “selectable or screenable 
marker genes” are also genes which encode a secretable 
marker whose secretion can be detected as a means of 
identifying or selecting for transformed cells. Examples 
include markers which encode a secretable antigen that can 
be identified by antibody interaction, or even secretable 
enzymes which can be detected catalytically. Secretable 
proteins fall into a number of classes, including small, 
diffusible proteins detectable, e.g., by ELISA, small active 
enzymes detectable in extracellular solution (e.g., @-amy- 
lase, B-lactamase, phosphinothricin transferase), or proteins 
which are inserted or trapped in the cell wall (such as 
proteins which include a leader sequence such as that found 
in the expression unit of extensin or tobacco PR-S). 

Of course, in light of this disclosure, numerous other 
possible selectable and/or screenable marker genes will be 
apparent to those of skill in the art. Therefore, the foregoing 
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